This study examined the relationship between the affinity of glutamate agonists for the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and the characteristics of the physiological responses elicited by endogenous activation of the AMPA receptors. We tested the effects of chaotropic ions on [3H]AMPA binding in synaptic membranes as well as on synaptic responses elicited in CAl by electrical stimulation of the Schaffer/commissural pathway in the in vitro hippocampal slice preparation. Of the chaotropic ions tested, only perchlorate and thiocyanate produced large A number of experimental manipulations modifies the binding properties of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subtype of glutamate receptors. In particular, treatment of synaptic membranes with phospholipases (C and A2) (1, 2), with reagents acting on SH groups (3), and with phosphatidylserine (4) increases the affinity of AMPA receptors for agonists. Similarly, AMPA binding is increased in hippocampus by high-frequency stimulation of the perforant path (5) and by classical conditioning (6). Electrophysiological studies of the long-term potentiation (LTP) of synaptic transmission that follows brief bursts of high-frequency electrical stimulation in various excitatory pathways (7) indicate that the increase in synaptic efficacy is due, at least in part, to a change in the component of synaptic responses mediated by AMPA receptors (8-10). These, and other findings, led us to propose that LTP is due to a modification of postsynaptic structures that includes a selective modification of the AMPA receptor, in a way that increases its responsiveness to the neurotransmitter (11, 12). Attempts to integrate the two sets of data (i.e., the biochemical and the physiological data) raise the obvious question of the relationship between the binding affinity of the agonists for the receptor and the characteristics of the physiological response elicited by the agonists. Although this has been addressed for many different receptors (13, 14), there are no general rules describing the nature of the relationship.
effect was due to an increase in affinity for agonists, as shown by a shift of the displacement curves of 6-cyano-7-nitro[3H]-quinoxaline-2,3-dione binding by AMPA or glutamate. The effect of thiocyanate on [3H]AMPA binding was extremely sensitive to temperature, as the binding was increased almost 10-fold at 0C but only 2-to 3-fold at 35TC. The effect of perchlorate was only weakly temperature dependent. Similarly, thiocyanate and perchlorate were the only chaotropic ions tested that increased the initial slope and amplitude of the extracellularly recorded potentials evoked in CAl dendritic field. Both ions did not change paired-pulse facilitation, an index of transmitter release, or fiber volley amplitude, an index of afferent recruitment. The chaotropic ions had no significant effects on either [3H]glutamate binding to the N-methyl-Daspartate receptor or N-methyl-D-aspartate receptor-mediated synaptic responses. Finally, the effect of perchlorate on synaptic responses was significantly reduced after induction of long-term potentiation. These results indicate that an increase in affinity of the AMPA receptors for their agonists results in increased synaptic responses and strongly suggest that characteristics of the AMPA receptor are modified following longterm potentiation.
A number of experimental manipulations modifies the binding properties of the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subtype of glutamate receptors. In particular, treatment of synaptic membranes with phospholipases (C and A2) (1, 2) , with reagents acting on SH groups (3), and with phosphatidylserine (4) increases the affinity of AMPA receptors for agonists. Similarly, AMPA binding is increased in hippocampus by high-frequency stimulation of the perforant path (5) and by classical conditioning (6) . Electrophysiological studies of the long-term potentiation (LTP) of synaptic transmission that follows brief bursts of high-frequency electrical stimulation in various excitatory pathways (7) indicate that the increase in synaptic efficacy is due, at least in part, to a change in the component of synaptic responses mediated by AMPA receptors (8) (9) (10) . These, and other findings, led us to propose that LTP is due to a modification of postsynaptic structures that includes a selective modification of the AMPA receptor, in a way that increases its responsiveness to the neurotransmitter (11, 12). Attempts to integrate the two sets of data (i.e., the biochemical and the physiological data) raise the obvious question of the relationship between the binding affinity of the agonists for the receptor and the characteristics of the physiological response elicited by the agonists. Although this has been addressed for many different receptors (13, 14), there are no general rules describing the nature of the relationship.
We investigated this question by taking advantage ofseveral tools available for the study of glutamatergic transmission. (i) The hippocampal slice preparation provides a convenient way to assess global parameters of glutamate receptor responses; under normal ionic conditions, the excitatory postsynaptic potential (EPSP) recorded in the CA1 dendritic field is due almost entirely to the activation of AMPA receptors, whereas in the presence of low Mg2+ concentrations and 6,7-dinitroquinoxaline-2,3-dione (DNQX), a selective AMPA receptor antagonist, N-methyl-D-aspartate (NMDA) receptormediated currents are the major contributors to the EPSP (9, 15) Effect of Chaotropic Ions on Electrophysiological Parameters in the Hippocampal Slices. Various ions were iontophoresed in the dendritic field of CA1 in close proximity of the recording electrode and their effects on the initial slope of EPSPs were determined. Fig. 3A shows the effects of thiocyanate and perchlorate on predominantly AMPA receptormediated responses. Both ions produced a rapid increase in the initial slope of the EPSPs by about 40%. The effect was rapidly reversible at the end of the iontophoresis period. Cyanate, iodide, nitrate, and chloride did not produce any significant effect on the EPSPs. In the presence of 10 uM DNQX and 50 gM Mg2+, primed NMDA receptor-mediated responses were not significantly affected by application of perchlorate (Fig. 3B ) or thiocyanate (data not shown). It is generally admitted that the phenomenon of paired-pulse facilitation is due to a presynaptic enhancement of transmitter release during the second pulse given 60 msec after the first stimulation. We thus tested the effects of thiocyanate and perchlorate on the amplitude of paired-pulse facilitation to evaluate possible presynaptic effects of these ions. Both ions did not modify the extent of paired-pulse facilitation (Fig. 3 C and D) . Facilitation in the absence and presence of thiocyanate was 51% ± 7% and 48% ± 7%, respectively, and in the absence and presence of perchlorate was 47% + 4% and 47% ± 4%, respectively (means ± SEM, n = 4-6).
Furthermore, the ions did not change the amplitude of the fiber volleys when present: 0.41 + 0.06 mV vs. 0.42 + 0.06 mV for perchlorate (means ± SEM of 10 experiments). Finally, we compared the effect of perchlorate on control and potentiated responses. LTP was induced in one pathway by TBS and represented a 35% ± 4% increase in the EPSP slope (means ± SEM of 14 experiments). The effect of perchlorate was determined 15-30 min after LTP induction and was quantified by determining the maximal increase in EPSP slope (expressed as percentage of pre-drug baseline value) produced following the iontophoretic application (Fig. 4) . The effect of a brief application of perchlorate was significantly smaller on potentiated than control responses (17% ± 2% increase vs. 30o ± 4% increase, n = 14, paired t values = 5.26, P < 0.0002).
DISCUSSION
These results support the hypothesis that increasing the affinity of glutamate for the AMPA receptor increases the physiological responses elicited by glutamate. Thiocyanate and perchlorate reversibly increase the affinity of the AMPA receptor and reversibly increase the synaptic responses elicited in CA1 by stimulation of the Schaffer collateral fibers.
The increase in evoked field potentials induced by the chaotropic ions is probably not due to increased neurotransmitter release since paired-pulse facilitation, a generally accepted index of presynaptic release, and size of the fiber volley, a measure of afferent recruitment, did not change in the presence of these ions. Moreover, the NMDA receptormediated responses were not modified by these ions, further strengthening the specificity of their effects. This finding is also consistent with a lack of effect of perchlorate on [3H]-glutamate binding to the NMDA receptors. Thiocyanate and perchlorate have also been shown to interact with -aminobutyric acid A (GABAA) receptors (23) but possible attenuation of the inhibitory GABAA currents by these anions can be ruled out since the GABAA channel blocker picrotoxin was used in most experiments except when measuring NMDA receptor-mediated responses, in which case "primed responses" were analyzed (21). Though the precise mechanism of action of thiocyanate and perchlorate is unknown, it is unlikely that the effects of these anions are due exclusively to their chaotropic properties since nitrate, another chaotropic anion, has very little effect on AMPA binding and on evoked potentials in CAL.
Analyzing the effects of chaotropic ions on the binding of ligands of the AMPA receptor provides some clues concerning their modes of actions. (i) The IC50 values for glutamateand AMPA-induced inhibition of [3H]CNQX binding are well in the range of the affinities for these agonists determined by physiological studies, indicating that the sites labeled by
[3H]CNQX correspond to functional states of the receptor and probably not to desensitized states. Thiocyanate appears to increase the affinity of agonists for the receptor almost 10-fold, which would seem inconsistent with the relatively modest effect it elicits on the synaptic responses. However, it must be noted that the effect of thiocyanate is extremely temperature dependent and at 35°C, the temperature at which physiological responses were measured, the effect of thiocyanate is much smaller and is quite similar to that of perchlorate. (ii) The effect of thiocyanate is also present in solubilized preparations of the receptors, indicating that thiocyanate probably acts directly on some domain of the receptor (24). Thus, the anions could act as allosteric effectors of the AMPA receptors and, in view of the regional distribution of the binding enhancement they produce (25), they do not seem to discriminate between the different variants of the AMPA receptors. There are several possible ways by which an increase in agonist affinity could result in an increased responsiveness of the AMPA receptors. It has been proposed (26) that agonists of the receptor elicit two kinetically different currents (at least in cultured hippocampal neurons): (i) a slow-rising, low-conductance, non-desensitizing current (steady-state current) that is elicited with low concentrations of quisqualate (<10 JAM) and (ii) a fast-rising, high-conductance, desensitizing current (peak current) that is elicited with higher concentrations of quisqualate (10-300 JAM).
Although there is some agreement that the peak current is responsible for excitatory postsynaptic currents (26, 27) , it is as yet unclear as to whether these different currents are produced by two different receptors (26) or are different states of the same receptor (27) . Nevertheless, the high conductance state/receptor has a low affinity for quisqualate, whereas the low-conductance state/receptor has a high affinity for quisqualate. Although Honore and Drejer (16) 
